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Metal contacts are fundamental building components for graphene based electronic devices and their 
properties are greatly influenced by interface quality during device fabrication, leading to resistance 
variation. Here we show that nickel graphene junction degrades after air exposure, due to interfacial 
oxidation, thus creating a tunneling barrier. Most importantly, we demonstrate that hydrogen annealing at 
moderate temperature (300 0C) is an effective technique to reverse the degradation.   
 
        Graphene is a promising material in the application of high speed field effect transistors (FETs) and 
many efforts have been focused on the study of the intrinsic transport property of graphene.1,2,3,4  While 
the maximum resistivity at charge neutral point has been predicted to have a universal value (off state), 
the on state conductivity of graphene FETs are dictated by metal graphene contact.5 Contact resistance is 
parasitic and has become a limiting factor for aggressively scaling CMOS technology.6 As a candidate for 
post CMOS material, it is important to fully understand the behavior of different metal candidates in 
contacting with graphene.  
To date, a handful of metals have been studied and the values of contact resistivity (ρc) showed large 
variation from a few hundred ohms per μm to tens of kilo-ohms per μm, even for the same metal 
specie.7,8,9,10,11,12,13,14,15,16,17 It has been argued that these variation can be attributed to the quality of 
graphene (exfoliated, CVD grown, epitaxial grown), the type of the contact (top or edge conduction), pre 
and post fabrication treatment as well as the underlying substrate.18 Among all these metals, Pd metal 
contacts have been consistently reported to have a resistivity on the order of 100 ohms μm.8,19  Ni and Ti 
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contacts have also been reported to reach a lower contact resistivity but the values are strongly process 
specific.20,13 The scarcity of Pd metal limits its application in large scale manufacturing, so it becomes 
critical to understand the origin of the resistance variation at nickel and titanium contacts. 
 Theoretical studies have suggested two important factors impacting the contact resistivity: carrier 
injection from the metal graphene vertical junction and the potential profile near the longitudinal edge.8 
While there is a fundamental maximum resistivity at the graphene pn junction, the origin of the  large 
variation on the nickel and titanium contacts are presumably from the vertical carrier injection.21   It is 
well known that the transfer process of CVD grown graphene and lithography processes have been shown 
to introduce residues, creating an interface layer.22   The existence of interfacial layer can 1. Reduce the 
doping effect from the metal to graphene. 2. Increase the carrier tunneling distance at the junction.23 . 
Assuming an insulating behavior, the carrier tunneling probability is exponentially dependent on the 
thickness of the interfacial layer.21   Therefore, the existence of interfacial layer can be a key factor for 
inconsistent resistivity values. 
While many efforts have been made to optimize the process condition to reduce interfacial 
contamination,24,14,25,26,27,28 little attention has been paid to interface degradation post fabrication.  Xu et 
al. observed an intentional degradation on aluminum graphene contact by metal evaporation under oxygen 
environment.29  Nouchi et al. observed a depinning effect near the charge neutral point under a two 
terminal measurement using nickel and cobalt as electrodes, speculating oxidation at the metal graphene 
interface.30, 31 Here we studied a nickel graphene junction and characterize the interface by Auger and 
XPS spectroscopy, identifying the origin of the deterioration. More importantly, we demonstrate hydrogen 
annealing is an effective technique to reverse the performance of nickel graphene junction.  A similar 
degradation was also observed on titanium graphene junction but the change of palladium graphene 




           In the study, CVD graphene is used and the transfer process is reported elsewhere.32 To minimize 
the impact of organic residue contamination during the transfer process, a low temperature baking at 150 
0C at high vacuum (~10-7 torr) was used post graphene transfer. Back-gated graphene field effect transistor 
devices were fabricated using a conventional photolithography process. First, graphene was patterned 
using a positive photoresist, followed by etching of unwanted graphene regions by oxygen plasma. 
Second, the electrodes were patterned on graphene using image reversal photoresist, followed by metal 
evaporation and lift-off process. All electrical data were measured using Keithley S4200 in a Lakeshore 
vacuum-cryostat probe station at room temperature in vacuum atmosphere of 10-5 Torr. Both four and two 
terminal probes were used to measure the change of resistance post fabrication and after two weeks of 
ambient exposure. Then, devices were carefully loaded into a CVD chamber with Ar: H2 (4:1) for 1 hour 
at ambient pressure, gradually increase the temperature to 3000C and maintain for 1 h with  cooling down 
by convection. 
          To understand the impact of hydrogen annealing on the both graphene channel and the metal 
junction, both four point kelvin probe structures and standard transmission line structures were fabricated 
in the same die. Figure 1a shows a representative Id-Vg curve for the graphene channel at different stage 
after fabrication. Two key parameters, the mobility and minimum conductance point were extracted using 
a method outlined elsewhere.18 Figure 1(b) summarized the mobility change at different stage of tests. The 
as-fabricated devices have an average mobility of 4700 cm2V-1s-1. After air exposure, the devices saw an 
increase in average mobility up to 6000 cm2v-1s-1, suggesting decreasing of charge induced impurities. 33 
This could attribute to desorption of volatile molecules that is trapped at graphene surface or substrate 
graphene interface. After hydrogen annealing, the mobility degrades to 3900 cm2v-1s-1. The impact of 
hydrogen annealing in graphene channel is not fully understood. While some literature reports a reversible 
degradation due to weak hydrogen graphene interaction,34 others claim improvement of channel 
4 
 
mobility.35 These suggest that the role of hydrogen annealing on a fully functional FET device with 
substrate can be multifold. In our case, the degradation can be attributed to temperature induced coupling 
between SiO2 substrate and graphene at elevated temperature. 
36 Figure 1(c) shows the shift of charge 
neutral point on the same group of devices. In summary, all the fabricated devices showed moderate Dirac 
point shift. The as-fabricated devices showed an average voltage shift of 2.2 V. The air exposed and H2 
annealed devices showed an average voltage shift of 1.6 and 0.6 V, suggesting a decrease in charge 
inhomogeneity on the graphene surface. It is calculated that for a 300 nm SiO2 substrate, 1 V of back-
gated voltage induce about 0.03 eV Fermi level shift in graphene. Therefore, the observed voltage shift is 






Figure 1. (Color online) a) Representative four point measurement I-V characteristics. b) Mobility 
measurement. c) Charge neutral point shift measurement.  
            To further characterize the impact of H2 annealing on the metal graphene junction, devices with 
transmission line structures were tested. Figure 2a shows typical I-V behavior at different stage of testing. 
In these testing structures, the measurement resistance value can be simply described as Rtotal= 
2Rex+2Rc+Rch, where Rc is the contact resistance, Rch is the channel resistance and Rex(~20 ohms) accounts 
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for the resistance contribution from the probe to the metal, which can be negligible in our case.  As 
illustrated in Figure 1, the impact of hydrogen annealing is limited in the channel, thus the total resistance 
change in a two terminal measurement is dominant by contact resistance. At channel carrier density (n) of 
2.2x1012 cm-2, the plotted initial residue resistance is 816 ohms.μm. After air exposure for 2 weeks, more 
than 4 fold degradation was observed with measured resistance of 3600 ohms.μm. After hydrogen 
annealing for 1h, the resistance is reduced by more than 14 fold, to 250 ohms.μm, indicating a significant 
improvement at metal graphene contact. Additional annealing time (up to 4h) does not further improve 
the contacts, indicating no significant change at the interface.    
     For an appropriate extrapolation of contact resistance, transmission line measurement (TLM) was used 
for the devices treated with hydrogen annealing. Figure 2b shows a set of typical transmission line 
measurement data. The contact resistance is extracted from different channel at several representative 
voltages.  Consistent with previous report on nickel graphene contact, the contact resistance values are 
dependent on the back-gate voltage, indicating a gate modulation happens at the junction.5  It is worth 
mention that near the charge neutral point, the total resistance are dominant by the channel, resulting in 
deviation in contact resistance extrapolation.19   Meanwhile, it is rather challenging to extract contact 
resistance from the degraded devices, suggesting non-uniform interfacial oxidation after air exposure. 
Instead, kelvin probe measurements were used to estimate the contact resistivity. Table I shows the 
summary of contact resistivity obtained for three different metal stacks (Ti/Au, Pd/Au, Ni) at n=2.2x1012 
cm-2. In contrast to Ti/Au and Ni devices, Pd showed negligible degradation after air exposure. Echoing 
with recent report, titanium can be oxidized at the graphene junction while the palladium contacts are inert 
to oxidation. 18 However, it is worth noting that both Pd and Ti/Au contacts were vulnerable to hydrogen 
annealing in this set of experiment, suggesting care needs to be taken when hydrogen is involved in 







Figure 2. (Color online) (a)  Representative 2 terminal measurement results at different stage of the test, 
(b) Contact resistance extraction after hydrogen annealing at different gate bias(inset: I-V curve for 




TABLE I. Contact resistance for different metal graphene contacts (n=2.2x1012cm-2). 
Unit: ohms. μm As-Fabricated Air-Exposed H2-Annealed 
5 nm Ti/45 nm Au ~469 ~3000               X 
50 nm Ni ~854 ~6500 232±44 
40 nm Pd/10 nm Au 200± 52 169± 43 X 
 
     To further characterize the nickel graphene interface, a depth profile of Auger Spectroscopy was 
performed to investigate the chemical changes before and after hydrogen annealing. Carbon associated 
with graphene (in blue) was identified at Ni-SiO2 interface. At the interface, there is a sharp decrease in 
nickel concentration and abrupt increase in silicon and oxygen concentration. Comparing the two profiles 
at interface in parallel (Figure 3a), a small amount of oxygen was accumulated near graphene nickel 
interface, suggesting nickel oxide formation. The nickel to oxygen ratio is roughly 9:1 at the peak position, 
indicating a possible non uniform oxidation. To further confirm the oxygen is from nickel oxide, XPS 
depth profile analysis was used to review the chemical bonding information. The data presented in Figure 
4c is a fraction of the O 1s profile at the interface of nickel and SiO2. A peak at 529.9 eV is assigned to 
NiO, and a broadened peak at 332.1 eV were assigned to a mixture signal from SiO2 and defective oxygen 
peak in NiOx..  After hydrogen annealing, the extra amount of oxygen concentration in the profile was 










Figure 3. (Color online) (a) Auger depth profile of Ni/Gr/SiO2/Si (i) Air-Exposed, (ii) H2-Annealed (b) 
O1s X-ray photoelectron peaks near Ni-Gr-SiO2 interface. 
The correlation between interface oxidation, hydrogen reduction and the electrical properties at nickel 
graphene junction are illustrated in Figure 4. After air exposure, the nickel graphene junction was 
separated by an oxide layer, evidenced by Auger and XPS measurement. Other than reduced charge 
transfer at the interface, the oxide layer served as a tunneling barrier, increasing contact resistivity.  Using 
hydrogen annealing, nickel oxide is reduced to metallic nickel and the barrier layer is removed with 




Figure 4. Correlation between interface redox chemistry and band diagram evolution. 
 
 In summary, oxyphilic metals (Ni, Ti) are vulnerable to oxidation at graphene metal interface and result 
in formation of non-uniform tunneling barrier, thus increasing the contact resistance after air exposure. 
We have shown that hydrogen annealing can be an effectively method to reverse degradation at the 
graphene nickel interface, improving contact properties.  
Z. Zhang is grateful for research assistantship support from College of Nanoscience and Engineering at 
SUNY Polytechnic Institute.  
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